Inactivation of p53 functions is an almost universal feature of human cancer cells. This has spurred a tremendous effort to develop p53 based cancer therapies. Gene therapy using wild-type p53, delivered by adenovirus vectors, is now in widespread use in China. Other biologic approaches include the development of oncolytic viruses designed to replicate and kill only p53 defective cells and also the development of siRNA and antisense RNA's that activate p53 by inhibiting the function of the negative regulators Mdm2, MdmX, and HPV E6. The altered processing of p53 that occurs in tumor cells can elicit T-cell and B-cell responses to p53 that could be effective in eliminating cancer cells and p53 based vaccines are now in clinical trial. A number of small molecules that directly or indirectly activate the p53 response have also reached the clinic, of which the most advanced are the p53 mdm2 interaction inhibitors. Increased understanding of the p53 response is also allowing the development of powerful drug combinations that may increase the selectivity and safety of chemotherapy, by selective protection of normal cells and tissues.
T hirty years of research on p53 have produced a detailed understanding of its structure and function. The almost universal loss of p53 activity in tumors has spurred an enormous effort to develop new cancer treatments based on this fact. Sophisticated animal models have shown that activation of the p53 response in even advanced tumors can be curative (Martins et al. 2006; Ventura et al. 2007; Xue et al. 2007 ). The p53 gene therapy, Gendicine, is approved in China and its US counterpart, Advexin, has shown activity in number of clinical trials. The p53 protein level is raised in many tumors by virtue of an increase in the protein's half life and this tumor specific alteration in p53 processing has attracted tumor immunologists, who are now testing a number of p53 based vaccines in cancer patients (Speetjens et al. 2009 ).
In more conventional approaches a range of small druglike molecules targeting the p53 system have been developed and several are now in clinical trials. Of critical importance has been the development of small-molecule inhibitors of the p53 -Mdm2 protein interaction such as the Nutlins , which have shown activity against human xenografts in preclinical models. Advanced structural approaches have provided compelling support for the idea that some mutant p53 proteins can be targets for small molecules that would cause them to regain wild-type function (Joerger et al. 2006) . Cell based screening methods have identified small molecules that can activate both mutant and wild-type p53 proteins in tumor cells to induce apoptosis. These screens, and RNAi based approaches, have revealed many new targets for therapy in the p53 pathway. In an exciting new approach, that has been validated in other tumor suppressor pathways, the search is on for targets in pathways that will show synthetic lethal interactions with loss of p53 function. Finally drug combinations have been developed that can selectively kill cancer cells that lack p53 function while protecting normal cells (Sur et al. 2009 ). The next few years hold out the prospect of new p53 based therapies that will be of wide application in cancer and other diseases.
GENE THERAPY BASED APPROACHES
Transfection of the wild-type p53 gene into a variety of human tumor cells was shown in the late 1980s and early 1990s to induce apoptosis and growth inhibition. In murine model systems, in which p53 function is reactivated specifically within the tumor, a curative response is seen. This established that even advanced tumors retained an ability to be inhibited by p53. Interestingly, when such approaches were carried out in lymphoma models the activity of p53 that induced a antitumor activity was seen to be apoptosis (Ventura et al. 2007) whereas in a liver tumor model the p53 activity induced a senescent phenotype. This, in a dramatic study, was shown to then induce an intense macrophage response that cleared the tumor (Xue et al. 2007) . Repeatedly in this article we will return to these themes. What response does p53 activation produce in normal tissues as compared to tumor cells and what modulates and controls these differences? Jack Roth was the first to attempt p53 gene therapy in man. In 1996 he used direct injection of a retroviral vector expressing human p53 under the control of an actin promoter to treat non-small cell lung carcinoma (NSCLC) (Roth et al. 1996) . Later studies identified adenovirus vectors expressing human full length wild-type p53 as suitable for large scale GMP production at economic cost. These viruses are engineered to lack certain early proteins and are thus replication defective. They can however be grown to high titer in special stable human cell lines, such as the 293 and PER. C6 cells, which have been engineered to stably express these early viral proteins in trans. In vitro studies showed that such viruses could infect and inhibit the growth of many different human tumor cells and proved effective in a variety of xenograft models. Remarkably such viruses did not seem to induce apoptosis or senescence in normal tissues or cells. Thus p53 gene therapy has an excellent safety profile. In p53 based reporter systems adenoviral infection, per se, unlike transfection (Renzing and Lane 1995) , does not induce a p53 response. An advantage of the adenovirus delivery system is that it does not result in integration of the vector DNA into the host cell, unlike retrovirus based systems that have proved to be oncogenic in man. The virus effectively results in a burst of p53 production in the infected cell and remarkably normal cells can recover from this process. In many tumor cells however an irreversible induction of apoptosis takes place. The obvious problems with this approach are the inability to infect every cell in the tumor with virus and problems of effective systemic or repeated dosing because of the presence of a host antibody to Adenoviruses that reduce their infectivity. Supporters of the approach suggest that p53 induction can induce powerful bystander and immunologic responses that can overcome the inability to infect every cell and that, although neutralizing antibodies can reduce infectivity, this is not as big a problem as anticipated when measured in the clinic. Using this initial approach many thousands of patients have received p53-based gene therapies in clinical trials mostly in the USA and in China. Although some remarkable clinical cases have been reported Advexin has not yet won approval from the FDA and very recently the company developing it was closed (Senzer et al. 2007) . However in China the use of adenovirus gene therapy for the treatment of head and neck cancer in combination with radiation was approved in 2003 and the product "Gendicine" has been marketed for the last 7 years. The case of p53 gene therapy is of considerable international interest because here we have what could be argued is a highly sophisticated "western" medicine approved in China but not in the USA. The analysis of 2500 patients treated by Gendicine has been published and the production facilities and filings of the company are to a very high international standard (Shi and Zheng 2009) . In a final, provocative, twist Shenzen Si Biono GenTech has now opened an FDA approved trial in the USA. Although the anticipated difficulties about systemic delivery and immune responses to the virus are easy to imagine, it is important to recognize that improvements in functional imaging and local delivery devices may open up many fresh possibilities for this type of medicine. It may be of especial value where lesions occur in inoperable sites (Tian et al. 2009 ). At the moment the p53 gene delivered is wild type in sequence, but the design of "super" p53s for gene therapy is well advanced (Fig. 1) . Given the temporary period of p53 protein expression that follows Adenovirus infection, improvements in the stability of the protein achieved by engineering out the Mdm2 binding regulation and enhancing the thermodynamic stability of the DNA binding core can be envisioned. In another enhancement, alterations in the sequence of the p53 protein that favor the induction of apoptotic genes (Saller et al. 1999 ) and perhaps genes with bystander activity have been discovered. Alterations in the oligomerization domain to avoid dominant negative inhibition by endogenous mutant p53 proteins have been developed. Early reports suggested that creating a fusion protein between p53 and the HSV protein VP22 could allow the produced protein to spread from cell to cell (Phelan et al. 1998) . In another aspect changes to the virus coat proteins can be made to improve delivery by engineering in new receptors for tumor target proteins onto the viral surface and engineering out the most dominant epitopes recognized by the host immune response before adenovirus infection (Ulasov et al. 2007 ).
ADENOVIRUS BASED THERAPY ONYX 015
In an attempt to exploit loss of p53 function in human tumors to develop selective medicines Frank McCormick and his colleagues came up with the brilliant concept of designing a virus that could only replicate in p53 negative cells (Bischoff et al. 1996) . Exploiting a virus with a known deletion in the E1B region of its genome the Onyx company developed and brought into clinical trial the oncolytic Onyx O15 virus. The early trials showed promise and this virus Figure 1 . Design considerations of a superactive p53 for gene therapy. The p53 protein can be modified to be more potent and effective in gene therapy. At the amino terminus the F19A mutant makes p53 resistant to Mdm2 mediated degradation. Other mutations in this region may enhance its activity as a transcription factor. In the DNA binding domain the 121 F mutation makes the protein better at inducing apoptosis rather than growth arrest.
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The concept of such tumor restricted viruses has the potential to overcome many of the perceived difficulties of the replication defective viruses because it should, after systemic delivery, proliferate only in tumor cells and not in normal cells. Although the initial tests with Onyx 015 suggested that the early region deletion allowed it's effective replication in, and killing of, p53 mutant but not p53 wild-type cells, subsequent studies proved these results to be an oversimplification. In the current view the host range of the defective virus seems to be defined not purely by p53 status but rather by the state of the stress response in the target cell. Tumor cells that are permissive for Onyx 015 replication are able to export late viral mRNA in the absence of viral early proteins (O'Shea et al. 2004 ). This appears to be a constitutive stress response and can be mimicked by heat shock (O'Shea et al. 2005) . The concept of selectively oncolytic viruses has now been greatly developed (Bazan-Peregrino et al. 2008 ).
ANTISENSE AND siRNA APPROACHES
In those tumors where p53 is wild type but is not active because of the expression of negative regulatory proteins, siRNA can be used to activate the p53 response. Two negative regulators have received most attention in this regard. In the case of tumors associated with the expression of human papilloma viruses such as cervical, anogential, and head and neck cancers, the inactivation of the viral E6 protein is a rational target. HPV E6 binds to and targets p53 for inactivation and degradation by the Hect domain E3 ligase E6AP. The introduction of siRNA to E6 induces a rapid and effective p53 response (Jiang and Milner 2002) . As with gene therapy the challenge is effective delivery but certainly in some anatomical sites, like the eye, RNA-based therapies are attractive. In tumors where p53 is wild type but inactivated by the Mdm2 E3 ligase (discussed in more detail later) then siRNA to Mdm2 can be highly effective (Yu et al. 2006; Zhang et al. 2005) .
p53 VACCINES
The host immune response can be extraordinarily effective in controlling tumor growth. In model systems using virally transformed cells, small numbers of cytotoxic T cells that recognize peptides derived from the viral transforming antigen, displayed on the surface of the tumor cell through the MHC system, can completely control tumor growth. The remarkable growth of virally transformed tumors in human patients on long term immuno-suppression provide dramatic proof of the physiological importance of these processes in man (Shamanin et al. 1996) . Why then is tumor immunity not apparently more effective against spontaneously arising tumors in man? The most obvious explanation is the absence of appropriate tumor specific antigens. It is vitally important that the immune system distinguish self from nonself so that the system is essentially "tolerant" or nonreactive to self antigens. This is achieved by the filtering out during their differentiation process of T cells bearing receptors that can recognize "self " and through the action of regulatory T cells in the periphery. It is in this context that the excitement about the p53 system as a potential route to tumor vaccination has arisen (DeLeo 1998). This is because the p53 that is present in tumor cells may be considered "nonself " or tumor specific (Lauwen et al. 2008) . The causes of this tumor specificity can be seen to be of two types. Firstly the tumor specific mutations present in the p53 protein may alter its antigenicity, if the mutations occur in a region of the protein that can be presented as an epitope to the T cell. Second, and potentially more exciting because of its universal nature, the p53 protein in tumor cells accumulates to high levels implying that it is subject to different processes of degradation, which in turn may lead to the production of different peptide fragments to those that result from the processing of p53 in normal tissue cells. These changes in processing are caused by inhibition of Mdm2 activity, altered folding patterns and chaperone complexes (Muller et al. 2008) . Increased understanding of immune function, of immunological tolerance, of antigen processing and the availability of powerful immune modulating drugs and antibodies are leading to a renaissance in tumor immunology. Currently a variety of p53-based vaccines have proved effective in animal models and are now undergoing trial in man. Key p53 peptide epitopes have been discovered (Hoffmann et al. 2002; Sakakura et al. 2007 ) and the major problem has emerged as one of steering the T-cell response toward effective tumor rejection rather than tolerance. In this context it is provocative to think about how drugs that modulate p53 processing may enhance or inhibit such T-cell responses. It is also noteworthy that as the use of conventional cytotoxic therapies is replaced by less immunosuppressive treatment regimes immunotherapy may be able to play a larger role in cancer care.
SMALL MOLECULE APPROACHES TO p53-BASED THERAPY
The detailed analysis of the p53 pathway that has taken place in the last decade has allowed the detailed description and validation of a number of targets suitable for drug discovery that are allowing pharmaceutical control the p53 pathway (Fig. 2) . For the treatment of cancers that retain wild-type p53 a number of nongenotoxic molecules have been identified that can activate p53 and induce tumor cell death. These molecules might be expected to induce p53 in normal tissues as well and their therapeutic index therefore depends on differences in the nature of the cellular and tissue response to p53 induction in tumors versus normal tissues. The most advanced of these molecules are those that act by blocking the p53 Mdm2 interaction or otherwise inactivate Mdm2 function and three of these molecules are now in clinical trial.
In targeting those tumors that express a mutant p53 protein, specific approaches have been taken using both phenotypic and biochemical screens to identify molecules that can restore mutant p53 activity . One such molecule PRIMA-1
MET is now in clinical trial. Though its mechanism of action is still subject to discussion, its preclinical efficacy in Figure 2 . Targets for small molecules to activate the p53 response. Small molecules that can activate the p53 response include those that block interaction with Mdm2 or MdmX, as shown above, Inhibit proteins that deacetylate p53 such as the sirtuins, Kinase inhibitors such as Roscovitine, molecules that block deubiquitinating enzymes and molecules that mobilize ribosomal proteins.
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An exciting concept that has recently achieved dazzling clinical success is that of synthetic lethality. In the most advanced example of this approach tumors that lack DNA repair function by virtue of loss of expression of functional BRCA1 or BRCA2 proteins have been found to be extraordinarily sensitive to killing by the inhibition of the PARP enzyme (Farmer et al. 2005) . These results have galvanized the p53 community to seek drugs that act on the same principle. Screens are thus in place using both small molecule libraries and RNAi methods to try to determine which cellular pathways might have a synthetic lethal relationship with p53. In a refinement of this approach combinations of small molecules have been developed that can selectively kill p53 mutant tumor cells using the concept of cyclotherapy. In this approach two drugs are used in combination to treat p53 mutant tumors. The first drug, a nongenotoxic p53 inducer is used to induce a reversible cell cycle arrest in normal proliferative tissues (Carvajal et al. 2005; Kranz and Dobbelstein 2006) . The second drug is designed to kill only proliferating cells and is thus able to now kill only the p53 mutant tumor cells but not the normal proliferating tissues. Such approaches would reduce the side effects such as neutropenia (Sur et al. 2009 ), hair loss, immune suppression, and mucositis that are seen with many cyctotoxic chemotherapies. In the remainder of this article these different smallmolecule approaches are discussed.
INHIBITORS OF THE p53 Mdm2 INTERACTION
The Mdm2 protein was discovered in 1987 (Cahilly-Snyder et al. 1987) as the protein product of a gene that was amplified on a double minute chromosome in some transformed mouse cells. In 1992 Levine and his colleagues discovered that the protein could bind tightly to p53 and inhibit its activity as a transcription factor (Momand et al. 1992 ) and they subsequently showed it was part of an autoregulatory loop because the Mdm2 gene contained a p53 binding site and Mdm2 gene transcription could be induced by p53 (Barak et al. 1993; Wu et al. 1993) . Although initial mapping studies localized the interaction between p53 and Mdm2 to the amino termini of both proteins (Chen et al. 1993 ) it was studies using synthetic peptides and X-Ray crystallography that first suggested that the interaction between p53 and Mdm2 might be "druggable." In 1994 Picksley et al. (Picksley et al. 1994) showed that a peptides as short as six amino acids (TFSDLW in human p53, TFSGLW in murine p53 ) derived from the amino terminus of p53 could bind to Mdm2. This work was brought forward by two land mark studies in 1996. In one study the X ray structure of Mdm2 bound to a p53 derived peptide was solved at high resolution (Kussie et al. 1996) and in a second study phage display and peptide libraries were used to establish fine details of the specificity of the Mdm2 p53 interaction (Bottger et al. 1996) . The agreement between these independent studies was remarkable, identifying the p53 interaction as being dependant on the formation of a short helical structure in p53 that bound into a deep hydrophobic pocket in Mdm2. Three amino acids were seen to be of critical importance in forming the interaction: F19, W23, and L26. Since those early studies immense progress has been made in the study of this interaction with a number of highly potent peptides now co-crystallized with Mdm2, allowing effective protein dynamic modeling of the interface allowing peptides that bind up to 2000 times more avidly to mdm2 than the original peptide to be developed (Fig. 3 ). This progress has raised two critical issues. The first is, can these peptidic molecules be converted in to drugs and the second is, is an inhibitor of the p53 Mdm2 interaction likely to be a successful therapeutic. Two approaches have been taken to developing Mdm2 interaction inhibitors, in the case of Verdine and colleagues p53 interacting peptides have been stabilized by introducing additional chemical cross links. This exciting approach called peptide stapling involves the use of modified amino acids that permit the creation of an all-hydrocarbon cross-link generated within natural peptides by ruthenium-catalyzed olefin metathesis of inserted R,R disubstituted nonproteogenic amino acids bearing olefinic side chains. Remarkably, stapling peptides converts them into druglike molecules. The staple makes the peptides resistant to proteolytic degradation and also by altering their charge distribution and biophysical properties makes them more effective biologically. Indeed in a recent study Verdine was able to show remarkable in vivo efficacy for a stapled Notch signaling peptide inhibitor SAMH1 (Moellering et al. 2009 ). In the case of p53, one such stapled peptide SAH p53-8, was shown to be highly active in inducing a p53 response (Bernal et al. 2007 ) (Moellering et al. 2009 ). In the second approach large libraries of small molecules have been analyzed using both high throughput screening and structure based design methods to yield three series of active small molecule inhibitors of the p53 mdm2 interaction, the nutlins, the benzodiazepinediones and the spiro-oxindoles (Ding et al. 2006; Grasberger et al. 2005; Vassilev 2004 ) All of these three compound series bind to Mdm2 with high affinity and disrupt the p53-Mdm2 interaction. They mimic p53 by showing multiple interactions with the p53 binding pocket on Mdm2 that mirror those of the three critical amino acid side chains. However crystal structures reveal subtle differences in the conformation and shape of the binding pocket when it is complexed to different ligands showing that "induced fit" is important in this interaction (Fig. 3) . The second issue then is how effective might such compounds be as p53 activators and as anticancer drugs. At the time of the discovery of the p53 Mdm2 interaction it was not known how important this reaction was for controlling p53 function, but in 1995 the rescue of the lethality of mdm2 gene knockouts by p53 knockout showed in the most dramatic way the absolute dependency on Mdm2 for regulation of p53 (Montes de Oca Luna et al. 1995) . Two years later it was possible, using peptide aptamers, to show that simply blocking the p53 binding site on Mdm2 was sufficient to activate the p53 response and furthermore that this led to a great increase in p53 protein levels because Mdm2 was acting as an E3 ligase to degrade p53 in normal cells and tissues (Bottger et al. 1997) . However the consequence of systemic p53 activation in an adult animal was still unclear and this of course lies at the heart of the issue of therapeutic index. Acute ablation of Mdm2 expression in adult tissues can lead to gross damage raising concerns that Mdm2 inhibitors might be excessively toxic (Ringshausen et al. 2006) . However Mdm2 hypomorphic alleles in mice had shown that mild reductions in Mdm2 activity could be tolerated and indeed be tumor suppressive (Mendrysa et al. 2006 ). The first in vivo experiments with the Nutlins have been very encouraging because antitumor activity has been seen that is both p53 dependent and tumor selective . As this has also now been seen with the spiro-oxindoles as well, it is reasonable to conclude that p53 activation by these nongenotoxic compounds is well tolerated in normal tissues . Conversely large surveys of p53 wildtype human leukemic cells have shown a consistent cytotoxic activity for nutlin that is encouraging clinical trials in this indication. In a recent very comprehensive study 100 primary human CLL cases were examined for their responses to Nutlin and M1 compounds (Saddler et al. 2008 ). All of the tumor cells that expressed wildtype p53 responded to both drugs whereas neither drug showed much inhibition of growth of p53 mutant human tumor cells in this series. The results of clinical trials with these agents are eagerly anticipated. Some concerns remain of course about Mdm2 as a target. First, will some unexpected on target toxicity be revealed by extended dosing schedules? Here it is promising to note that Nutlin induces a reversible cell cycle arrest in nontransformed human keratinocytes in culture ) and adult mice are resilient to several weeks of proliferation inhibition (Soucek et al. 2008) . Second, how quickly will resistance arise? Studies using shRNA libraries have shown that, as expected, Nutlin resistance can develop by inactivation of p53 but also surprisingly by loss of the DNA repair protein p53BP1 (Brummelkamp et al. 2006) . We can anticipate that Mdm2 inhibitors will, like most targeted therapies, have to be used in judicious combinations.
OTHER INHIBITORS OF Mdm2
The Mdm2 protein is a complex and highly regulated molecule containing in addition to the amino-terminal p53 binding domain a zinc finger, a ring domain with E3 ligase activity for both ubiquitin and Nedd-8, and a central acidic domain (Toledo and Wahl 2007) . Until recently Mdm2 had only be described in the vertebrates and was notably absent from the worm and fly genomes. Recently however it has been shown that like p53 mdm2 is present in very simple eukaryotes such as the placazoa . Although the amino-terminal domain dominates the interaction with p53, other sites of interaction with p53 have also been reported (Shimizu et al. 2002) and Mdm2 interacts with many other proteins including its other family member MdmX. This suggests that other sites on Mdm2 might also be targets for therapeutic intervention and indeed the tumor suppressor protein p19 Arf acts at least in part by binding to the acidic domain of Mdm2 and inhibiting its activity as a negative regulator of p53 (Midgley et al. 2000) . There are strong suggestions that Mdm2 may also be involved in targeting proteins to the proteasome (Hjerpe et al.) and indeed the p53 activating compound JNJ-26854165 developed by Johnson and Johnson, and currently in clinical trial, seems to act at this level. It has also been possible to identify compounds that inhibit the E3 ligase activity of Mdm2 in biochemical screens but these molecules remain at an early stage of development.
INHIBITORS OF MdmX
In 1996, a second p53 binding protein that was related to Mdm2 in structure was discovered.
MdmX (Mdm4) There are several reports of compounds that interact directly with p53 in vitro. Some of these have been tested in cells and there are various degrees of evidence suggesting that their effects occur through activation of p53. Three of these compounds (CP-31398, PRIMA-1, and PhiKan083) are thought to reactivate mutant p53 whereas RITA has been suggested to weaken the interaction of p53 with mdm2. CP-31398 was selected from a biochemical screen for molecules promoting the stability of p53's DNA binding domain (DBD) using the wild-type-specific antibody PAb1620 (Foster et al. 1999; Mayer et al. 1999) . CP-31398 can inhibit the growth of xenograft tumors in immunodeficient mice as well as the appearance of tumors in immunocompetent mice (Rao et al. 2008) . CP-31398 also reduced UV-induced skin cancers (most of which are known to acquire p53 mutations) and this antitumor effect of CP-31398 did not occur in p53-null mice (El-Deiry 2007) . In cell culture, CP-31398 inhibits growth of cells with mutant p53 and as well as with wild-type-p53 and there is evidence supporting that these effects could be explained through the stabilization of p53's structure by direct binding of the compound to p53 (Luu et al. 2002; Wang et al. 2003) . In spite of these observations, it is not yet fully established how CP-31398 works in cells as it is possible that CP-31398 does not bind to p53 directly and may instead interact with DNA (Rippin et al. 2002) .
PRIMA-1 was selected from the NCI Diversity Set of compounds for its ability to kill tumor cells that express mutant p53 more effectively than tumor cells that lack p53 . Intravenous or intraperitoneal injection of PRIMA-1 suppresses the growth of human tumor xenografts derived from lung and breast carcinoma and osteosarcoma and inhibits chemically induced mammary carcinomas in rats (Benakanakere et al. 2009 ). Because of its positive effect on animal models and efficient killing of tumor cells in ex vivo experiments, PRIMA-1 MET (or APR-246, a more efficient analog of PRIMA-1 [Bykov et al. 2005] ) is being tested in a Phase I clinical trial. Elucidating the mechanism of action of this potential therapeutic is therefore becoming increasingly significant.
There is evidence that both PRIMA-1 and PRIMA-1 MET induce the expression of mediators of p53-dependent apoptosis such as Puma, Noxa, and Bax in cells with mutant p53 Wang et al. 2007 ). In addition, these compounds increase wild-type p53's as well as the p53R273H mutant's ability to cause cell death independently of their transcription factor function. This latter effect could be caused by an increased interaction of p53 with Bcl-2 family proteins in the cytoplasm (Chipuk et al. 2003) . These and other results suggest that PRIMA-1 could reactivate mutant p53 or It has been recently observed that methylene quinuclidinone, a decomposition product of PRIMA-1 as well as PRIMA-1 MET , can alkylate cysteine residues in mutant p53 (Lambert et al. 2009 ). Interestingly, other suggested mutant p53 reactivating molecules, MIRA-1, STIMA-1, and CP-31398, could also have a potential to alkylate cysteines (Lambert et al. 2009 ). Supporting this notion, introducing purified full-length mutant p53 treated in vitro with PRIMA-1 MET induces apoptosis in tumor cells and this is associated with an increased expression of p53 apoptotic downstream targets (Lambert et al. 2009 ). Although this evidence supports that PRIMA-1/PRIMA-1 MET decomposition products could also directly bind mutant p53 in cells, other mechanisms mediating p53-related effects need to be analyzed. In addition p53-independent effects of PRIMA-1 must be evaluated, because, at least in some circumstances, this compound does have effects in a p53-null background (Supiot et al. 2008) .
PhiKan083 is a carbazol derivative that unlike the compounds described previously is designed to interact with a particular p53 mutant. The Y220C mutation creates a binding pocket in the core domain of p53 on the opposite face to the DBD (Joerger et al. 2006) . The elucidation of this structure suggested that this mutation-induced crevice might constitute a potential target for compounds unique to tumor cells expressing the Y220C mutant of p53. In silico screening combined with rational drug design led to the identification of the small molecule PhiKan083 as a potential binder. Differential scanning calorimetry confirmed that binding of PhiKan083 raised the melting temperature of p53Y220C by 28C and a high resolution X-ray structure of the p53-Y220C -PhiKan083 complex showed the predicted binding site for PhiKan083 (Boeckler et al. 2008) . Although the biological data on PhiKan083 is not available yet, it is the first example of mutant-specific reactivating molecule. The Y220C mutation is not a hot-spot mutation, but nevertheless it occurs at a similar frequency worldwide to tumors with the BCR-ABL translocation, which is one of the main targets of imatinib.
RITAwas selected from the NCI diversity set of compounds for its ability to kill HCT116 colon cancer cells with wild-type p53 more efficiently than HCT116 cells null for p53. In addition, this compound was shown to inhibit tumor growth in vivo (Issaeva et al. 2004; Yang et al. 2009b ) RITA is thought to bind to p53 directly and this is associated with an inhibition of the interaction between p53 and MDM2 (Issaeva et al. 2004) . Unlike other activators of wild-type p53, RITA is an effective inducer of a p53 specific apoptotic response. One explanation for this observation is that the MDM2 released from p53 by RITA degrades p21 therefore weakening the cytostatic function of p53 ). In addition, RITA can inhibit the expression of survival factors in a p53-dependent manner. Whether binding to p53 is the only mechanism by which RITA increases p53 activity in cells is a matter of debate (Yang et al. 2009b) . RITA is known to bind to multiple proteins and to activate the DNA damage response pathways (Nieves-Neira et al. 1999; Yang et al. 2009b) . However, it is intriguing that the induction of markers of DNA damage (such as phosphorylation of CHK1 and histone H2AX) seems to occur only in cells harboring wild-type p53 (Yang et al. 2009a ).
SMALL MOLECULES ACTIVATING p53 BY INHIBITING CLASS III HISTONE DEACETYLASES
Sirtuins or class III histone deacetylases (HDACs) are a group of NADþ dependent enzymes with protein deacetylase and/or ADP-ribosyl transferase activity. Mammals express seven sirtuin homologs (SirT1-7) with both or one of these enzymatic activities and diverse subcellular locations and substrates (Haigis and Guarente 2006; Michan and Sinclair 2007; van Leeuwen and Lain 2009 ). The role of sirtuins in cancer has recently stimulated interest as well as discussion. Sirtuins directly affect multiple substrates including tumor suppressors (e.g., p53 and Rb), factors involved in cell migration (e.g., cortactin), and DNA repair proteins (e.g., Ku70 and NBS1). In addition, sirtuins, and in particular SirT1 ensures the silencing of genes that are aberrantly promoter hypermethylated in cancer (Pruitt et al. 2006) .
SirT1 negatively regulates p53 (reviewed in van Leeuwen and Lain 2009), which together with its ability to promote cell migration (Zhang et al. 2008) suggests that inhibition of SirT1 could slow down tumor growth and spread. Also indicating a pro-oncogenic role for SirT1 and suggesting that some tumor types may be hypersensitive to sirtuin inhibition, the expression of SIRT1 is up-regulated in several types of cancer (Bradbury et al. 2005; Hida et al. 2007; Huffman et al. 2007; Stunkel et al. 2007) . Aside from the expression levels of sirtuins, their degree of enzymatic activity with regards to NADþ availability in cancer cells or alterations in modulators of their function should also be considered. For example, DBC1 (deleted in breast cancer 1) has been shown to be an inhibitor of SirT1 activity ). On the other hand, reports derived from observations in SirT1 knockout mice demonstrate that sustained depletion of SirT1 gives rise to genomic instability. This unequivocally implies that SirT1 acts as a tumor suppressor (Firestein et al. 2008; Oberdoerffer et al. 2008; Wang et al. 2008b ). Supporting such a role, and in contrast with the results mentioned previously, a decrease in SIRT1 expression has also been reported for a variety of tumors (Wang et al. 2008b ). In gliomas and gastric carcinomas, the levels of SirT2, a sirtuin involved in tubulin deacetylation (North et al. 2003) and mitotic checkpoints (North and Verdin 2007) are also down-regulated (Hiratsuka et al. 2003) .
The importance of p53's acetylation status at its carboxy-terminal lysines as well as at lysines 120 and 164 has been carefully evaluated . With regards to the role of sirtuins in the modulation of p53 there is evidence derived from genetic manipulation experiments in cultured cells supporting that SirT1 inhibition leads to the stabilization and activation of p53. SirT1 destabilizes p53 by catalyzing p53's deacetylation at lysine 382 (Langley et al. 2002; Luo et al. 2004; Vaziri et al. 2001) , an event that may facilitate ubiquitination and proteasomal degradation of p53 as well as weaken p53's ability to bind DNA (Luo et al. 2004) . Whether sirtuins affect the acetylation status of lysine residues other than 382 still needs to be established. Also supporting SirT1's negative effects on p53, cells derived from SirT1-deficient mice as well as cells treated with siRNAs against SirT1 show high levels of hyperacetylated p53 (Cheng et al. 2003; Ford et al. 2005) , and a dominant-negative SirT1 mutant increases p53-dependent transcriptional activity (Lain et al. 2008; Luo et al. 2001) .
It is also interesting to note that SirT1 may not be the only sirtuin deacetylating p53: SirT7 a nucleolar sirtuin (Frye 2000) also interacts with p53 and deacetylates p53 in vitro. Accordingly, hyperacetylation of p53 has been observed in SirT7-deficient cells (Vakhrusheva et al. 2008) . In addition there is some evidence indicating that SirT2 overexpression can lead to a decline in p53's transcription factor activity (Wang et al. 2008a) . Altogether this information suggests that pharmacologic inhibition of sirtuins 1, 2, and/or 7 could give rise to an increase in p53 function.
A wide variety of unrelated sirtuin smallmolecule inhibitors have been discovered using biochemical sirtuin activity assays, yeast phenotypic screens, as well as phenotypic mammalian cell-based assays (reviewed in Lavu et al. 2008; Milne and Denu 2008) . In many cases, these inhibitors are nonspecific for sirtuins, and in others their specificity has not yet been analyzed. Here we will describe sirtuin inhibitors that have been tested with regards to their effects on p53 in cells.
Sirtinol, the first small molecule sirtuin inhibitor identified, was initially described as being inactive on mammalian cells (Grozinger et al. 2001 ). Yet, in a later study, sirtinol-induced growth arrest and increased p53 levels were observed using concentrations above 50 mM (Ota et al. 2007 ). Salermide, a sirtinol derivative, inhibits the protein deacetylase activities of purified SirT1 and SirT2 and causes apoptosis in cultured human cancer cell lines (Lara et al. 2008 ). The increased death rate was associated with the reactivation of proapoptotic
p53-based Cancer Therapy
Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001222 genes epigenetically repressed by SirT1. Salermide did not significantly increase p53 levels in this study.
EX-527 is a potent SirT1 inhibitor in biochemical assays with IC50 values in the nanomolar range (Napper et al. 2005 ). However, this compound fails to increase p53 levels unless it is combined with a DNA-damaging agent (Solomon et al. 2006) .
Splitomycin is another interesting sirtuin inhibitor (Bedalov et al. 2001 ) but of limited use because of its instability in cell culture conditions. In contrast, cambinol (Heltweg et al. 2006 ), a stable splitomycin-related compound that inhibits SirT1 and SirT2 deacetylase activities in vitro leads to increased levels of acetylated p53 and tubulin. It must be noted here that the effects on p53 can only be observed when cells are also incubated with etoposide. Cambinol is well tolerated as a single agent by epithelial cancer cells, whereas it is highly toxic to Burkitt lymphoma cells in a Bcl6 expression-dependent manner (Heltweg et al. 2006) . Accordingly, cambinol decreases growth of xenograft tumors derived from a Bcl6-expressing Burkitt lymphoma cell line (Heltweg et al. 2006) . Suramin, which is used for the treatment of trypanosomiasis and onchocerciasis, is also a well-established sirtuin inhibitor (Schuetz et al. 2007 ). This compound increases p53 protein levels but fails to increase p21 CIP1/WAF1 expression and does not activate the p53-dependent G1 checkpoint .
Tenovins are clearly inducers of the p53 response as they were identified using a phenotypic screen based on the activation of p53's transcription factor function in cells (Lain et al. 2008) . Tenovin-1 and its more watersoluble analog, tenovin-6, are active in mammalian cells in culture at low micromolar concentrations causing cell cycle arrest as well as apoptosis. Furthermore, tenovin-6 decreases tumor growth in vivo at 50 mg/kg as a single agent. Using a yeast genetic screen, biochemical assays, and target validation studies in mammalian cells, it was shown that tenovins are likely to act in cells through inhibition of the proteindeacetylating activities of SirT1 and SirT2 (Lain et al. 2008) . Accordingly, the response to tenovin exposure in cells is accompanied by increases in the levels of both p53 and tubulin acetylation.
3,2 0 ,3 0 ,4 0 -tetrahydroxychalcone is a polyphenol identified as an inhibitor of purified SirT1's ability to deacetylate recombinant p53 and a p53 derived peptide (Kahyo et al. 2008 ). In cells, this agent suppressed the cell growth, induced the hyperacetylation of endogenous p53 and increased endogenous p21 CIP1/WAF1 expression.
As can be drawn from the results described previously, some sirtuin inhibitors can easily lead to the activation of p53 as single agents (e.g., sirtinol, suramin, tenovins, and 3,2 0 ,3 0 ,4 0 -tetrahydroxychalcone), whereas others (e.g., EX-527 and cambinol) need concomitant addition of DNA damaging agents such as etoposide to have an effect on p53. Lack of potency or stability of these compounds in cells could account for this, but this sort of analysis has not been performed. Among other explanations (van Leeuwen and Lain 2009), it could be argued that DNA damaging agents that, like etoposide, increase the p53 acetylation event could provide a better setting for detecting the effects of inhibiting deacetylation. This could suggest that sirtuin inhibitors that activate p53 as single agents may also be causing DNA damage. However, at least in the case of tenovins, there is no substantial increase in the appearance of standard markers for genotoxicity (Lain et al. 2008) . On the other hand, suramin is known to also inhibit topoisomerase II (Bojanowski et al. 1992 ) an event that is likely to contribute to its ability to increase p53 levels.
From this information it can be drawn that pharmacologic inhibition of sirtuins, and in particular SirT1 and SirT2, can lead to tumorcell growth arrest and apoptosis as well as inhibition of tumor-cell spread. However, a careful assessment of the risk for genome instability arising from treatment with sirtuin inhibitors must be carried out before such compounds are taken to the clinic. Whether p53 status in tumors influences the efficiency of these compounds and the risk for genomic instability still needs to be evaluated further (Brooks and Gu 2009; van Leeuwen and Lain 2009 ).
SMALL MOLECULES ACTIVATING p53 BY INHIBITING NUCLEAR EXPORT
Leptomycin B (LMB) (a Streptomyces sp. antibiotic) is a potent inhibitor of crm1, an exportin that mediates the transport from the nucleus to the cytoplasm of proteins containing HIV Rev type nuclear transport signals (NES) (reviewed in Lain et al. 1999 ) LMB is a Michael acceptor that covalently binds to a cysteine residue within the NES-recognizing sequence in crm1. Yeast strains expressing a crm1 mutant defective for interaction with LMB confer cells resistance to the compound. In addition, biotinylated LMB has been shown to pull-down crm1 from mammalian cell extracts. These experiments strongly support that LMB specifically targets crm1 in cells.
Before its identification as an inhibitor of crm1 it was already known that LMB (elactocin, CI-940) and its derivatives (leptomycins A and kasuzamycins) efficiently kill tumor cells in culture at concentrations in the 0.2 -2 nM range (Roberts et al. 1986 ). LMB was also effective against pleiotropically resistant (to adriamycin, amsacrine, and mitroxantrone) P388 leukemia cells. In preclinical models, LMB administration showed a clear effect against P388 and L212 leukemias and against IP-implanted B16 melanoma, mammary adenocarcinoma 16/C and M5076 sarcoma. Later on, a phase-I trial was carried out (Newlands et al. 1996) . No partial or complete responses were identified and dose-limiting toxicity (anorexia or malaise) was the same with all schedules tested. Additionally, there were serious difficulties in measuring the pharmacokinetic properties of LMB because of its fatty acid-like structure. After these results, further trials were not recommended.
Nevertheless, over the last years there has been a renewed interest in developing less toxic derivatives of this molecule (Koster et al. 2003; Mutka et al. 2009 ). Early in 2009 Kosan Biosciences reported a series of semisynthetic LMB derivatives with improved therapeutic windows (Mutka et al. 2009 ). As observed for LMB, exposure of cancer cells to these new compounds leads to nuclear export block and apoptosis. In contrast, and also in agreement with results obtained with LMB (Smart et al. 1999) , these agents induce cell cycle arrest, but not apoptosis in normal lung fibroblasts. Most interestingly, these new nuclear export inhibitors (NEI) maintain the high potency of LMB, are up to 16-fold better tolerated than LMB in vivo, and show efficacy in mouse xenograft models. In light of these improvements, the high specificity of LMB for crm1 as well as its enormous potency in cells, it is reasonable to include an update of the recent advances on the mechanisms by which treatment with this compound leads to p53 activation.
LMB activates p53-dependent transcription in cells even at subnanomolar concentrations Menendez et al. 2003) . This effect of LMB is likely to be at least in part caused by the stabilization of p53 from mdm2-mediated degradation. Accordingly, LMB increases p53 levels (Freedman and Levine 1998; Lain et al. 1999 ) and may protect it from mdm2-mediated ubiquitination (Xirodimas et al. 2001) . Additional work suggested that mdm2 as well as p53 have nuclear export signals that enable shuttling of these proteins out of the nucleus through crm1 (Roth 1999; Stommel et al. 1999; Zhang and Xiong 2001) . However, it was not until 2007 when an interaction between p53 and crm1 was reported (Kanai et al. 2007) . In this study, p53-crm1 complexes were detected by coimmunoprecipitation using purified proteins as well as extracts from cells expressing ectopic p53 and crm1. Interestingly, this interaction is inhibited by poly(ADPribosyl)ation of p53 by PARP-1. Because PARP-1 is activated in response to genotoxic stress, this work provides an elegant explanation for the accumulation of p53 in the nucleus on DNA damage. Shortly after, Cai and Liu (Cai and Liu 2008) presented evidence on the interaction between endogenous p53 and crm1 in cells by coimmunoprecipitation. In addition they reported that phosphorylation of p53 at Thr-55 induces this association as well as p53 nuclear export. Furthermore they observed that functional mdm2 promotes crm1-p53 complex formation in a Thr-55 phosphorylation-dependent way and requires an intact mdm2 RING finger domain. These results are in agreement with previous observations where accumulation of p53 in the nucleus by ubiquitin ligase deficient mutants of mdm2 was associated with inhibition of p53 nuclear export (Boyd et al. 2000; Geyer et al. 2000; Lohrum et al. 2001; Lu et al. 2000) . Interestingly, Cai and Liu also correlated inhibition of Thr-55 phosphorylation by a dietary flavonoid, apigenin, with blocking of the crm1-p53 association.
All in all these studies tend to assume that p53 degradation occurs mainly in the cytoplasm. Howeer, there are other reports suggesting that p53 can also be degraded in the nuclear compartment Xirodimas et al. 2001) . Despite extensive experimentation, the subcellular site(s) for p53 ubiquitination and degradation still remain unclear.
It is still possible that at least part of the effect of LMB on p53 may be indirect. Effects of LMB on mdm2's shuttling have not been reported, but it has been observed that LMB can interfere with complete degradation of human mdm2 leading to the appearance of a truncated form that could impair full length mdm2 activity (Menendez et al. 2003) .
Interestingly, LMB's effect is not limited to cells where p53 degradation is mediated by mdm2. In cervical cancer cells carrying malignant strains of human papillomavirus (HPV), where p53's degradation is mainly caused by the viral oncogenic protein E6, p53's levels and transcriptional activity are also increased by LMB (Freedman and Levine 1998; Gray et al. 2007; Hietanen et al. 2000; Jolly et al. 2009; Koivusalo et al. 2006; Stewart et al. 2005 ). These observations may be of important therapeutic interest considering that, as recently reported (van der Watt et al. 2009 ), nucleocytoplasmic trafficking proteins crm1 and karyopherin beta1, are overexpressed in cervical cancer in comparison to normal tissue and are critical for cancer cell survival and proliferation. In this work the authors also provide evidence that down-regulation of crm1 with siRNA leads to increased levels of transcriptionally active p53.
The mechanism of action of LMB and its specificity would suggest that its ability to activate the p53 response does not involve direct DNA damage. In fact, LMB does not induce substantial DNA damage in HaCaT cells even at micromolar concentrations, nor does it increase the level of phosphorylation of histone HA2X, a well-established marker of the DNA damage response (R. Berkson and S. Lain, unpublished) . In agreement, Turner and coworkers (Turner et al. 2009 ) also detect little DNA damage in response to ratjadone C, another crm1 inhibitor related to LMB. Nevertheless, inhibition of crm1 function may still have genotoxic effects. For example, crm1 inhibition is known to lead to accumulation of topoisomerase II a and increase DNA damage induced by topo II a inhibitors (Turner et al. 2009 ). Additionally, treatment with crm1 inhibitors may cause genomic instability because of the role of crm1 in centrosome duplication (Budhu and Wang 2005) .
Whatever the exact mechanism(s) leading to the activation of the p53, our experience in screening more than 134,000 compounds for their ability to increase p53 transcription factor function in cells (Berkson et al. 2005; Lain et al. 2008; Staples et al. 2008 ) (Lee M. personal communication) leads us to conclude that LMB is, with Actinomycin D the most potent known activators of p53. Nonetheless, as described previously, possible genotoxicity of crm1 inhibitors should be taken into consideration for future clinical trials.
SMALL MOLECULES ACTIVATING p53 BY TRANSCRIPTIONAL INHIBITION AND NUCLEOLAR DISRUPTION
It has been realized since the pioneering work of Mike Kastan that DNA damage can activate the p53 response. Even very low levels of DNA damage are able to effectively turn on both p53 growth arrest and apoptotic responses. Because many chemotherapeutic drugs are DNA damaging agents this has lead to the broad assumption that their ability to induce p53 is because of their ability to damage DNA. This assumption is probably false and careful analysis using extended dose ranges is leading to the profound realization that many of these compounds have multiple modes of action. Of especial interest are a variety of clinical approved drugs or drugs in early clinical trial that, through different mechanisms cause an inhibition of transcription that result in nucleolar disruption. This nucleolar disruption is associated with defects in ribosome biogenesis that result in the release of free ribosomal proteins that can bind to Mdm2 and inhibit its function thus activating the p53 response (Zhang and Lu 2009 ). The induction of p53 dependant transcription is remarkably resilient to global transcriptional inhibition so that one is frequently faced with a situation in which general transcription is depressed but the p53 response is nevertheless leading to de novo transcription and translation of p53 target genes. This kind of response to stress shows strong parallels to the SOS response in prokaryotes and the heat shock response in eukaryotes. Compounds that activate p53 through this route include the CDK inhibitors such as Roscovitine (Dey et al. 2008; Lu et al. 2001), Flavopiridol (Demidenko and Blagosklonny 2004) and DRB, the inhibitors of Ribonucleotide production such as PALA (n-phosphonacetyl-L-aspartate) and pyrazofurin (Linke et al. 1996) and the RNA polymerase inhibitors such as Actinomycin D (Choong et al. 2009 ).
All of these compounds can act like Nutlin to produce a nongenotoxic reversible G1 arrest in normal cells, while inducing p53 dependant apoptosis in p53 wild-type tumor cells. Of course at higher doses they lose their p53 dependence and exert a more nonspecific toxic affect. Because DNA damage can also induce transcriptional inhibition the question arises as to whether DNA damage induces p53 solely through this route. This does not appear to be the case as the activation of p53 by double strand breaks is ATM dependant whereas its induction by actinomycin D for example is not. The key molecules responding to these different signals appear to be Mdm2 and MdmX and in very exciting recent data it is becoming possible to generate subtle mutations in Mdm2 and MdmX that confer selective loss of response of the p53 system to different agents. For example mutations in the Zinc finger region of Mdm2 block its binding to L5 and L11 and make cells nonresponsive to Actinomycin D at doses that stimulate a robust p53 response in normal cells (Lindstrom et al. 2007 ) whereas mutation in MdmX at amino acids that are required for phosphorylation induced binding to 14-3-3 proteins produce mice that are resistant to ionizing radiation. Gene expression profiling studies have shown that low doses of Actinomycin D phenocopy the activity of Nutlin to a remarkable extent. This new data can both guide the clinical development of the new Mdm2 inhibitors but also suggest new applications doses and formulations for approved drugs (Choong et al. 2009 ).
SMALL MOLECULES ACTIVATING p53 FAMILY MEMBERS IN A p53 MUTANT OR DEFICIENT BACKGROUND
p53 family members are in many ways functionally similar to p53, but are rarely mutated in tumors. In particular, activation of the p53 homologue p73 can exert some of the transcription factor functions of p53. Hence, screening for small molecules that activate p73 is an interesting approach in the search for novel cancer therapeutics. Searching for small molecules that activate p73 but not p53 and only in a p53 deficient background offers an attractive opportunity to kill tumor cells selectively without causing damage to normal cells. With more than 2000 types of mutations described for p53, this approach enables one to target a much wider variety of tumors than strategies aimed at restoring the activity of a particular p53 mutant.
To date there are two reports on screens for small molecules that induce a p53-like transcription factor activity in p53 deficient cells.
In the first study ), a bioluminescence cell-based screen was use to identify small molecules that activate p53-like responses and cell death in SW480 human colon adenocarcinoma cell line (R273H, P309S mutant p53) expressing a p53-responsive firefly luciferase reporter. Approximately 2000 chemical agents from the NCI Developmental Therapeutics Program's diversity set were subjected to this primary assay followed by a secondary screening procedure to select for small molecules that activate a p53-like transcriptional
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Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001222 activity and also led to cell death at higher doses or at later time points. 33 compounds that fulfilled these properties were identified. Interestingly, five of these compounds were also identified in our pilot screen for inducers of p53 activity in a wild-type p53 cell context (Berkson et al. 2005) and include: NSC5159 (chartreusin, a clinically investigated topoisomerase I inhibitor); NSC123111 (a derivative of mitomycin C and clinically used DNA cross-linker); NSC146109 (2-(10-methyl-anthracen-9-ylmethyl)-isothiourea); NSC254681 (8-acetyl-10-[(3-amino-2,3,6-trideoxy -L-lyxohexopyranosyl) oxy]-7,9,10,12-tetrahydro-6,8,11-trihydroxy-12-imino-1-methoxy-5(8H)-naphthacenone, a derivative of doxorubicin and clinically used DNA intercalator); and NSC639174 (9-glycineamido-20(S)-camptothecin hydrochloride, a derivative of camptothecin, clinically used topoisomerase I inhibitor). This confirms that certain DNA damaging agents can increase a p53-like activity in SW480 carrying (R273H, P309S) mutant p53.
Further analyses revealed that 13 of these 33 molecules increase expression of p53 target genes such as p21 CIP1/WAF1 and/or death receptor 5 (KILLER/DR5) in both p53 wild type and p53 knockout HCT116 cells. Two of these compounds (NSC143491 and NSC254681) increase p53 as well as p73 levels, whereas others (NSC5159 and NSC146109) do not induce significant p73 expression but induce a high p53-responsive transcriptional activity in the absence of p53. The remaining compounds, including NSC162908, which according to these authors has a remarkable ability to increase p21 and DR5 in HCT1162/2 cells, showed little effect on p53 and p73 levels in these assays. NSC5159, NSC143491, NSC162908, and NSC254681 caused apoptosis in HCT116p53þ/þ as well as in HCT116p532/2 cells. NSC143491 and NSC254681 but not NSC5159 and NSC162908 induced the appearance of markers for DNA damage, although as mentioned previously, NSC5159 is likely to function at least in part as a topoisomerase I inhibitor. Therefore, in conclusion, at least certain DNA damaging agents can induce a p53-like transcription function activity in the absence of p53 as well as in cells with mutant p53. The mechanism of action of NSC162908 remains highly intriguing and has been analyzed in another recent study ). In this work, NSC162908 is referred to as MITA and identified as an inducer of p53-dependent cell death that prevents the interaction of p53 with mdm2, thereby preventing p53's ubiquitination and degradation as well as increasing the levels of p53-downstream targets in the absence of the appearance of markers of DNA damage. According to the authors, this effect of MITA is restricted to tumor cells but does not occur in normal human fibroblasts.
In the paper by Wang and colleagues in vivo experiments were carried out to demonstrate potent antitumor effects of selected compounds NSC5159, NSC143491, NSC162908, and NSC254681, using either HCT116/p53(2/2) or DLD1 human colon tumor xenografts. All but compound NSC162908 (MITA) showed in vivo antitumor activity against xenograft tumors derived from these two p53 deficient cell lines. In view of the mechanistic results reported for MITA, it is possible that this compound may be more effective against tumors carrying wild-type p53.
In the second study, Kravchenko and colleagues (Kravchenko et al. 2008 ) set out to screen a 46,250 compound library (Chembridge DIVERSet) looking for molecules that increased b-galactosidase activity from a p53-dependent reporter construct in the A431 tumor cell line expressing the R273H mutant of p53. A dosedependent induction of a p53-like activity in this reporter cell line was observed for 22 compounds in the collection. In a series of filtering assays it was shown that none of these 22 compounds increased p53-like activity in a p53-null background and of these only 5 were unable to activate p53-like activity in a p53 wild-type background. One of these 5 compounds (#5493343, 2-(4,5-dihydro-1,3-thiazol-2-ylthio)-1-(3,4-dihydroxyphenyl)ethanone hydrobromide) showed activity at low micromolar concentrations and was named RETRA (reactivation of transcriptional reporter activity). In the A431 cells RETRA clearly increases p21 CIP1/WAF1 and PUMA mRNA expression within 14 h of treatment, whereas expression from other p53-dependent genes such as hMDM2, GADD45, and IGFBP3 was not increased. Furthermore, RETRA could activate p53-like transcription in p53 null cells only after introducing mutant p53 in these cells. Conversely, partial inhibition of mutant p53 expression with shRNAs increased the activity of RETRA in the A431 cell line. Depletion of p63 in these cells had no effect but inhibition of p73 expression resulted in a significant loss of p53-like transcriptional activity induced by RETRA. In agreement with the selective effects of RETRA, transcriptionally active p73 (TAp73) protein levels were significantly increased in A431 cells but not in a cell line expressing wildtype p53 or in a p53-null cell line. In subsequent immunoprecipitation studies the authors show that one of the consequences of treatment of cells with RETRA is the release of p73 from inactive p53-p73 complexes. Mirroring the effects described previously, the growth inhibitory effect of RETRA was mild on a cell line expressing wild-type p53 as well as on two cell lines lacking p53. Furthermore, RETRA's antiproliferative and antiapoptotic effects on p53-mutant cell lines were enhanced by the expression of shRNA to p53 and partially diminished by the expression of shRNA to p73. Finally, and suggesting a potential therapeutic use for this compound class, six daily i.p. injections with 0.4 mg of RETRA delayed A431 xenograft tumor formation in athymic nu/nu mice without significant levels of toxicity to the animals.
In summary, this work provides the first experimental evidence that in mutant p53-bearing cancer cells, loss of the p53 tumor-suppressor functions can be partially compensated for pharmacologically through activation of TAp73. Because this strategy may help developing therapeutics with minimal side effects and acting against a wide spectrum of cancer types it is important to elucidate RETRA's target(s) in cells acts as this may facilitate further structure activity relationship and optimization studies.
In another approach the activity of Nutlin has been examined in p53 null cells. Interestingly several groups have reported the activation of p53 responsive genes such as Puma and p21 and that Nutlin can act in effective synergy with chemotherapeutic drugs to induce apoptosis in p53 defective tumor cells. The effect seems to be linked to the activation of both E2F1 and p73 by nutlin treatment (Ambrosini et al. 2007; Kitagawa et al. 2008; Lau et al. 2008; Peirce and Findley 2009 ). This in turn is consistent with evidence that Mdm2 binds to both these proteins using the amino-terminal interaction domain that binds to p53 and is blocked by Nutlin.
ACTIVATION OF p53 USING COMBINATIONS OF DRUGS
Many current chemotherapeutics engage the DNA damage response pathways to induce a genotoxic response in cancer cells. However, these are met with increased collateral DNA damage and the possibility of secondary malignancies because of resistant tumor subclones. Therefore, finding ways to induce apoptosis without genotoxic burden on normal and tumor tissues is an attractive option. One attractive concept is the activation of p53 through targeting specific molecular pathways as described previously. The multiple pathways that can lead to p53 activation present an opportunity for simultaneously modifying these pathways using drug combinations. Indeed, drug combinations involving genotoxic agents (e.g., doxorubicin) have been explored and are found to be synergistic in inducing p53 accumulation and activation of apoptosis. A recent report (Cheok et al. 2007 ) on the combination of CDK inhibitors (Roscovitine and DRB) and nutlin-3 showed a clear synergism in the activation of p53 and apoptosis in p53 wild-type tumor cells. The combination retains the nongenotoxic nature characteristic of the individual compounds. More importantly, this provides proofof-concept that combinations of low doses of individual compounds that are not sufficiently dose potent on their own are effective in inducing the desired readouts. Therefore, combinations could be an effective method to increase therapeutic efficacy of p53 activating drugs while reducing the toxicities of the individual compounds. This approach is not without practical difficulties however as a fixed ratio of the compounds would have to be determined and formulated to work optimally together taking into account the variable PK and PD properties of the individual molecules.
Cyclotherapy
In the clinic, exploiting the differences between normal and tumor cells guided the key principles of chemotherapy. However, selective killing of tumor cells is difficult to achieve in reality because many chemotherapeutics target both dividing normal and tumor cells. Trying to find ways to increase the specificity or selectively of drugs for tumor cells are further impeded by the varied genetic background of different tumors. Furthermore, some mutations of p53 are correlated to increased drug resistance in tumor cells making it difficult to target p53 mutant cells. One potential way to increase drug selectivity is to identify druggable pathways with major roles in cell cycle arrest that are defective in p53 mutant cells. p53 is required for the G1-arrest and loss of p53 function abrogates the G1 checkpoint. Thus, activating the G1 checkpoint may protect normal tissues from toxicities of a subsequent chemotherapeutic targeted only at dividing cells. Proof-of-concept studies show that selective pharmacologic activation of the p53-dependent G1 arrest in normal cells but not p53 mutant cells protected p53 wild-type cells without compromising the sensitivity of p53 mutant cells to the effects of the second drug targeting the S-phase or mitosis (Carvajal et al. 2005) (Fig. 4) . In particular, the reversibility of the temporary arrest on cells expressing wild-type p53 was shown by increased survival in colony counting assays only when cells were pretreated with nutlin-3 that specifically activated p53-dependent arrest . The application of such a drug combination regimen in the clinic is optimistic with the recent demonstration that neutropenia (Sur et al. 2009 ), a major dose limiting toxicity of PLK inhibition, is reduced in mice pre-dosed with nutlin-3 and that a temporary block of cell division in normal tissues is possible without much pathology. This combined with the finding described previously that some already approved drugs such as Actinomycin D (Choong et al. 2009 ) have doses at which they are extraordinarily specific at activating p53 reversibly and nongenotoxically is leading to the current development of clinical protocols to test these ideas. Interestingly the major hurdle may be finding the "second" drug in the combination. This drug needs to be effective in killing p53 mutant cells but restrained in its use by toxicity to normal dividing tissue. An intense analysis of clinical data will be required to develop the optimal combination and schedule for these protocols.
SUMMARY
The rapid advances in understanding of the p53 pathway have led to many different approaches to p53 based cancer therapy and the field has excited great interest both academically and commercially. In many areas the p53 system has become the vanguard for new approaches such as the development of small molecule protein -protein interactions inhibitors, the identification of new targets by chemical biology screens and the use of gene therapy and drug combinations. Many questions remain to be answered however and some are proving elusive. A key area where increased understanding is vitally needed is how a cell in which p53 is activated selects its response between reversible growth arrest apoptosis or senescence. How are these responses different between normal tissues and cancer cells and what can be done to enhance these differences?
